Electrophoretic analysis of purified echovirus virus particles yielded four polypeptides of mol. wt. 37ooo, 3oooo, 25ooo and 76oo. The 75S empty capsids of echovirus I2 lack the 25ooo and 76oo mol. wt. polypeptides, and possess polypeptides of 41 ooo tool. wt. A total of I4 virus-induced polypeptide species was found in the cytoplasm of infected cells. Actinomycin D reduced the synthesis of virus, virus RNA, and virus polypeptides and also reduced the proportion of virus particles to empty capsids in the virus yields.
INTRODUCTION
The enzymic proteolysis of virus polypeptides has been reported to be essential for the formation of the capsids of poliovirus (Holland & Kiehn, I968; Jacobson & Baltimore, I968a; Summers & Maizel, I968; Korant, I973) . Proteolytic enzymes have also been suggested to be responsible for the condensation of small poliovirus polypeptide aggregates to form RNA-deficient, empty capsids (Phillips, Summers & Maizel, I968) . Proteolysis of a specific polypeptide has also been found to be involved in the conversion, or 'morphogenesis', of the empty capsids, called' procapsids' (Jacobson & Baltimore, 1968 b) , through an intermediate form, called 'provirion', I973; Guttman & Baltimore, i973) . Similarly to poliovirus, cells infected with echovirus I2 also produce empty capsids as well as virus particles. However, in the case ofechovirus I2 the empty capsids and virus particles haemagglutinate and thereby facilitate the detection and measurement of both types of virus particles by a virus-specific function rather than only by labelling with radiochemicals.
The above-mentioned model of precursor-product relationship between empty capsids and virus particles in poliovirus maturation also requires that these virus particles have different polypeptide compositions (Jacobson & Baltimore, I968 b) . This report describes the relationships between the capsid and non-capsid polypeptides of echovirus 12 found in the cytoplasm of infected cells, and the differences in polypeptide composition of purified virus particles and empty capsids. Also, evidence is presented indicating that the formation of virus particles and empty capsids have a different sensitivities to the action of actinomycin D. METHODS 
Cell cultures.
The LLCMK2 continuous line of monkey kidney cells (Hall, Cherry & Tritch, I962) were propagated as monolayers in plastic Petri dishes (Falcon Plastics) in a growth medium consisting of Eagle's Minimal Essential Medium (MEM) containing 6 calf serum and Ioo/*g/ml streptomycin and IOO units/ml penicillin. Trypsin (o'25 ~o) was used to disperse the cells for passage. Cytoplasmic extracts were prepared by scraping up the cells in PBS, 0"5 ml per plate phosphate-buffered saline, pH 7.2 to 7"4, dialysing against IOOO vol. of distilled water, breaking the cells by homogenization with a glass Dounce homogenizer, and removing the nuclei and cell debris by centrifuging at 900 g for ~o min.
Virus. Echovirus 12 (Travis strain) was propagated in monolayers of LLCMK2 cells maintained in serum-free MEM, or Hank's balanced salt solution (HBSS). In all experiments virus infection was affected by absorption to monolayers at multiplicities of IO to 3o p.f.u./ cell at 22 °C for 30 to 60 min. Virus haemagglutination assays were performed in serial twofold dilutions, with a half-tube precision in successive titrations (Halperen, Eggers & Tamm, I964a) . For the preparation of radioactively labelled virus, infected cultures were first incubated for a period of time 2 to 2-5 h to allow for the development of virus-induced inhibition of cellular protein and RNA synthesis (Fig. I ) before radioactive amino acid mixture or uridine were added to the infected cultures. Incubation was then continued at 37 °C in the presence of 3 to 5 #Ci/ml of either of the radiochemicals until cytopathogenesis was complete (/> 8 h). The infected cells from replicate plates were scraped up into 0"5 ml/ plate of PBS. The cell suspensions were stored at -2o °C.
Virus was purified from extracts of infected cells by procedures previously described (Halperen, Stone & Korant, I973) , with the final step being fractionation of samples by centrifuging in CsC1 density gradients. With these methods, when labelled amino acids were present in the maintenance medium during the entire period of infection, the only peaks of TCA-precipitable radioactivity found in fractions of CsC1 gradients were those that were exactly coincident with peaks of virus-specific haemagglutinating activity. It was also previously shown that virus haemagglutinating activity was a function specific to the virus particles, and that in extracts of echovirus I2-infected cells no particle smaller than virus participated in the haemagglutination reaction (Halperen, Eggers & Tamm, • 964 a) , thereby permitting convenient, virus-specific quantification.
Gradient sedimentation, isopycnic sedimentation in CsC1 gradients was performed as previously described (Halperen, Eggers & Tamm, I964a; Halperen, Stone & Korant, I973) . Rate zonal sedimentation in sucrose gradients was performed in a Spinco SW5o L rotor for 70 rain at I2I ooo g, through 6 to 26 ~ (w/v) sucrose gradients. Fractions were collected after centrifuging by puncturing the bottom of the tubes.
Polyacrylamide gel electrophoresis. Isolated virus particles from density gradient fractions, or cytoplasmic extracts, were dialysed against o.oI M-phosphate buffer, pH 7"2, before reconstituting to contain o.I ~ SDS and o.I ~ 2-mercaptoethanol, and then heating for I min in a boiling water bath. Electrophoresis was carried out as previously described (Summers, Maizel & Darnell, I965) for 17 h through IO cm gels at 5 mA per gel. The gels were stained for protein with o'25 ~ Coomassie blue in 5o ~ methanol containing IO acetic acid (Weber & Osborn, I969) , or fractionated in a crushing device (Savant Instruments), collected in vials and the radioactivity determined in a liquid scintillation counter.
Chemicals. Two-(a-hydroxybenzyl) benzimidazole (HBB) was obtained through the kindness of Dr H. J. Eggers, Giessen, West Germany. The compound was used as a o.22 mM solution prepared by shaking overnight at 37 °C in protein-free medium. Radioactive , and incubated at 37 °C in maintenance medium. At 3o rain intervals, radioactive amino acid mixtures were added to the cultures, and incorporation was allowed to proceed for r 5 min before addition of cold TCA. The cells were then collected into scintillation vials and counted, z~--A, uninfected LLCMK2 cells; 0--0, echovirus i2-infected LLCMK2 cells. chemicals were purchased from New England Nuclear Corporation, Boston, Massachusetts.
In all experiments the [aH]-and p4C]-amino acids were in mixtures in the same relative proportions as found in algal protein hydrolysate and were used at 3 to 5 #Ci/ml concentration, while the [aH]-uridine (sp. act. 3o Ci/mmol) was used at 3 #Ci/ml concentration.
RESULTS

Identification of virus-specific polypeptides of echo virus 12 Inhibition of cellular protein synthesis by echovirus I2
In order to specifically label virus protein, advantage was taken of the fact that many picornaviruses inhibit host protein synthesis before virus protein synthesis starts (Bablanian, i972) , and this was also found to be the case for echovirus I2 (Fig. I) . To determine the optimum time for addition of radioactive amino acids to cultures (i.e. after which time minimal cellular protein synthesis would occur), the kinetics of inhibition of cellular pro- tein synthesis by echovirus I2 was determined. Radioactive amino acid mixture in maintenance medium was incubated with the cultures for 15 min at 3o rain intervals after infection. Cultures were then chilled on ice, the medium was drained, ice-cold TCA was added to stop incorporation and to precipitate the protein. The monolayers were then washed twice with TCA and twice with ethanol, and radioactivity measured in a scintillation counter. From the results summarized in Fig. I it may be seen that cellular protein synthesis starts to diminish most rapidly at 1.5 h after infection and reached a minimum (5 to 8 ~ of controls) at 3"5 h, in agreement with previously reported findings of the time of disaggregation of cellular polyribosomes by echovirus I2 (Halperen, I967) . The slight increase in incorporation between 3"5 and 4 h after infection probably represents virus protein synthesis, since it was also previously found that this was the time after infection of the initiation of formation of virus-specific polyribosomes, and the synthesis of virus capsid protein (Halperen, I967) .
The echovirus i2-induced inhibition of cellular protein synthesis proceeds just as well as in the presence ofo.22 mM-HBB. This compound inhibits virus multiplication, virus RNA and protein synthesis, while permitting the formation of virus capsids from protein that had been synthesized before the addition of the compound (Baltimore et aL 1963; Halperen, Eggers & Tamm, I964b; Halperen, I967) . From these data it was reasoned that radioactive amino acids, when added to cultures after 3 to 3"5 h of infection, would be incorporated mainly into virus protein.
Identification of proteins from virus particles
Preparations of radioactive virus particles and empty capsids of echovirus T2, labelled and purified as described in Methods, were disrupted with SDS and analysed by polyacrylamide gel electrophoresis. VP4) . In an average of three separate experiments the relative molar proportions were 1:2:o-i 6: I. The departure from I : I : I ratio indicates that the position in gels occupied by VP~ may contain two polypeptides. The empty capsids, represented by the broken line, lack the 25ooo (VP3) and 76oo (VP~) polypeptide species, contain the 37ooo (VPa) and 3oooo (VP2) mol. wt. species, and possess a 4IOOO mol. wt. polypeptide (VP0) , larger than any found in the virus particles. While VP1 and VP2 are present in both the virus particles and empty capsids, the proportions are different. There are, in the virus particles, two VP~ to one VP1, but in the empty capsids there is approx, a I : I ratio of VP1 and VP2.
To further exclude the possibility of an unequal distribution of labelled amino acids in the polypeptides, we examined in the same manner the polypeptides when labelled with [3H]-glucose, or stained with Coomassie blue. There was good agreement in all three cases.
Isolation of proteins from the cytoplasm o f virus-infected cultures
The capsid polypeptides of poliovirus are reported to be a small proportion of the total number of virus-specific polypeptides isolated from the cytoplasm of infected cells (Summers, Maizel & Darnell, I965) . Since echovirus IZ inhibits cellular protein synthesis by approx. 9o ~ at z'5 h after infection (Fig. I) and o.22 mM-HBB, while inhibiting virus multiplication, neither prevents this virus-induced effect (Halperen, I967) , nor affects cellular protein synthesis, cultures were infected in the presence of HBB and incubated for at least 3"5 h before reversing the effect of HBB by washing the cultures with maintenance medium (Eggers & Tamm, I962 ). Radioactive amino acids could then be added to the cultures in order to specifically label virus protein in the absence of cellular protein synthesis. Reversal of the effect of HBB, after incubation in the presence of the compound for at least 4 h from the time of infection, always leads to normal virus yields with a shortening of the latent period by 1"5 to z h (Eggers & Tamm, I96Z) . Actinomycin D had been added to cultures, after the reversal of the HBB effect, to ascertain whether the drug could be used to obtain an added prevention of the synthesis of contaminating cellular macromolecules. After reversal of the inhibiting effect of HBB, infected cultures were pulsed for 15 rain with [14C]-amino acids at 3o min intervals. Radioactive incorporation was stopped with cold Io ~ TCA. The solid line in Fig. 3 indicates amino acid incorporation into the TCA-insoluble material and represents the synthesis of virus-specific proteins. The initiation of incorporation coincides with the time of the first appearance of virus particles, as was previously reported (Halperen et al. I964a; Halperen, I967) . When 5 #g/ml of actinomycin D was added after HBB reversal, the result shown by the broken line was obtained, indicating the general depression in echovirus I z protein synthesis. Similar experiments with poliovirus type 2 and the Plummer strain of equine rhinovirus showed no inhibition of virus multiplication with this concentration of actinomycin. The results depicted in Fig. 3 , taken together with the results summarized in Fig. I , along with the previously reported findings that protein synthesis in echovirus I2-infected cells continues to decline in the presence of HBB, till a baseline is reached at 4 h after infection (Halperen, I967) , indicate that virus proteins could be specifically labelled with amino acids from the third to the fourth hour after reversal of the HBB effect. Three groups of virus-infected cultures were incubated for I9 h in the presence of HBB. The cultures were then washed free of the HBB and incubation was continued for 4 h in the presence or absence of actinomycin D, or in the continued presence of HBB. Radioactive amino acids were added to all cultures between the third and fourth hours after removing the HBB, and polypeptides of cytoplasmic extracts were separated by polyacrylamide gel electrophoresis. As shown in Fig. 4 , in infected cells from which HBB was not removed virtually no polypeptides are detectable, although this concentration of HBB has no effect on cellular protein synthesis (Eggers & Tamm, 1962) . Infected cells produced at least I4 polypeptide species resolvable by polyacrylamide gel electrophoresis, all of which may be considered to be viral. Structural proteins of virus particles and empty capsids were compared by the electrophoresis of a mixture of SDS-disrupted isolated virus particles. The largest polypeptide is a non-capsid protein with a mol. wt. of approx, rooooo as estimated by comparison with parallel gels of cytoplasmic extracts of poliovirus-infected cells (not shown here) and with previously published patterns (Summers & Maizel, I968) . In fact, except for slight differences in the region of the capsid polypeptides, the entire pattern Shown in Fig. 6 closely resembles that of poliovirus as previously described (Summers, Maizel & Darnell, I965) . A more detailed analysis of the biosynthesis of these polypeptides will lze published separately.
Effect of actinomycin D on the synthesis of virus macromolecules and structural components
The effect of actinomycin on the synthesis of individual virus polypeptides may also lze seen in Fig. 4 and is represented by the broken line. It is apparent that the production of all virus-specific polypeptides is markedly reduced when the virus-infected cells are maintained Fig. 4 -Effect of actinomycin D on the synthesis of echovirus 12-specific polypeptides. Electrophoresis on polyacrylamide-SDS gels of echovirus I z-specific polypeptides synthesized in LLCMK~ cells from the third to the fourth hour after removal of HBB. Data is from three gels run in parallel. tl-----O, echovirus I z-specific polypeptides, no actinomycin D; J,--A, echovirus 12-specific polypeptides, in the presence of 5 pg/ml actinomycin D; I1--11, HBB not removed; VP0, VP1, VP~ and VP4 mark the positions of radioactive peaks in a parallel gel of a mixture of purified virus particles and empty capsids. 245 in the presence of actinomycin after washing out the HBB. Several polypeptides are even reduced to less than recognizable levels over background radioactivity, including VP 3.
To test the possibility that actinomycin inhibited virus RNA synthesis, thereby reducing available virus messenger RNA, infected cells were labelled with [~H]-uridine from the third to the fourth hour after removing the HBB, either in HBSS with 5/~g/ml of actinomycin, or in the absence of actinomycin. From the data presented in Table 1 it may be seen that the actinomycin was as effective as o.22 mM-HBB in inhibiting the incorporation of TCA-precipitable uridine into infected cells. However, it should be mentioned that actinomycin had no effect on virus multiplication when added to cultures after the fourth hour of infection. This time is 3o min prior to the usual first appearance of newly synthesized virus particles, whose synthesis reaches a maximum at 6 to 7 h after infection (Eggers & Tamm, I962) . The inhibition of virus RNA synthesis by actinomycin and the finding that the synthesis of virtually all virus-specific polypeptides were equally arrested suggested that the formation of both virus particles and empty capsids would also be equally suppressed. Nevertheless, it may be seen from the results summarized in Fig. 5 and in Table 2 that in the presence of actinomycin less than 25 % virus particles (peak of more dense haemag- glutinating particles) and p.f.u, were produced, compared with 8o ~ of the empty capsids (peak of less dense haemagglutinating particles). Two points should be mentioned here. First, the titre of 4 x io s p.f.u./ml of virus produced in the presence of actinomycin D represents approx, z p.f.u./cell, compared with approx. Io to zo p.f.u./cell in the absence of the drug. The evident disparity between this titre and the minimal RNA synthesis shown in Table I can be accounted for by the great difference in numbers of cells used for each of the experiments. Secondly, the haemagglutinating activity of the virus was previously found to * Summarized from data in Fig. 5 . t Sum of haemagglutinating activity in fractions 9 and IO in BSS or actinomycin D. ~: Sum of haemagglutinating activity in fractions 12 and 13 in BSS or actinomycin D. § P.f.u./ml of extracts prior to centrifuging in CsC1.
reside in the virus particles per se (Halperen, Eggers & Tamm, I964a) ; the changed proportionality between the haemagglutinating activities at the heavier and lighter positions therefore represents virus particles and empty capsids respectively.
DISCUSSION
The capsids of echovirus i2, similar to those of other picornaviruses so far examined, were found to be composed of several non-identical polypeptides. The combined mol. wt. of these structural polypeptides is approx. Iooooo, or about one-third to one-half of the estimated coding potential of the virus genome. Several other picornaviruses have also been shown to contain polypeptides in this size range (cf. Korant, I97o) . In echovirus I2 we estimate there occur two VP~ for every VP1 in the virus particles. However, we cannot exclude the possibility that the VP2 region in our gels may contain two polypeptides of the same size. Since echovirus I2 polypeptide VP3 was found to be present in a fractional amount (approx. o.I6 of VPa) it is possible that this polypeptide does not occur in the subunit, or it is not present in all the particles.
The polypeptides of the empty capsids of echovirus I2 were found to be similar though not identical to those of other enteroviruses, including poliovirus. Echovirus IZ empty capsids were lacking in two of the virus particle capsid proteins, VP3 and VP~ (compared with the absence of VP2 and VP~ in empty capsids of poliovirus), contained reduced amounts of VP2 and also contained another polypeptide of mol. wt. 4I ooo, larger than any in the virus particles. The presence of the larger polypeptide is consistent with the postulated proteolytic mechanism involved in the maturation of the 'procapsids' to the virus particles of poliovirus (Jacobson & Baltimore, I968 b) .
The inhibition of echovirus IZ replication by actinomycin D is similar in at least one respect to that when HBB is added to echovirus I2-infected cultures (Halperen, Eggers & Tamm, I964 b) . In both cases the formation of virus particles is inhibited to a greater degree than that of empty capsids, although HBB is shown to be capable of exerting its inhibitory effect at later times in the virus growth cycle. Guanidine hydrochloride, another inhibitor of picornavirus multiplication that acts through its effect on the synthesis of virus RNA, also causes greater inhibition of virus particles relative to empty capsids when added to cultures after virus infection (Baltimore et aL 1953; Jacobson & Baltimore, 1968b) . Others have also reported evidence for the inhibition of poliovirus by actinomycin in different types of cell cultures (Grado, Fischer & Contreras, I955; Cooper, 1966) .
The fact that actinomycin does not inhibit the multiplication of poliovirus or rhinovirus in LLCMK~ cells is more difficult to explain. It may be that the drug reacts specifically with the echovirus IZ RNA polymerase, possibly through a requirement for an actinomycinsensitive host factor in the enzyme complex. Another possible explanation is that actinomycin We thank Miss Joan Moline and Margaret Parise for excellent technical assistance.
